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Living organisms can vary their macroscopic shapes to achieve vital biological functions via a series of precise mass transports and reconfigurations.[1](#anie201913574-bib-0001){ref-type="ref"}, [2](#anie201913574-bib-0002){ref-type="ref"}, [3](#anie201913574-bib-0003){ref-type="ref"}, [4](#anie201913574-bib-0004){ref-type="ref"}, [5](#anie201913574-bib-0005){ref-type="ref"}, [6](#anie201913574-bib-0006){ref-type="ref"} For instance, *Mimosa* plant species can modulate water movement from some cells to others in pulvini (the enlarged section at the base of leaf stalks) to stimulate folding/unfolding of leaflets.[7](#anie201913574-bib-0007){ref-type="ref"} In the case that the transported mass is irreversibly integrated, a permanent shape is created, such as flower opening[8](#anie201913574-bib-0008){ref-type="ref"} and tree trunk hollowing.[9](#anie201913574-bib-0009){ref-type="ref"} To enable the mass transport and conversion, subtle gradient fields,[10](#anie201913574-bib-0010){ref-type="ref"} such as the ion concentration gradient in plant pulvini,[11](#anie201913574-bib-0011){ref-type="ref"} are frequently built to drive molecular components to disassemble, transfer, and re‐bond into new architectures at precise locations where new equilibrium states form.[12](#anie201913574-bib-0012){ref-type="ref"} The processes are coupled and self‐organized. Many synthetic material systems based on molecular reconfiguration are able to vary their shapes and properties, including shape‐memory materials,[13](#anie201913574-bib-0013){ref-type="ref"}, [14](#anie201913574-bib-0014){ref-type="ref"}, [15](#anie201913574-bib-0015){ref-type="ref"} liquid crystal elastomers,[16](#anie201913574-bib-0016){ref-type="ref"}, [17](#anie201913574-bib-0017){ref-type="ref"}, [18](#anie201913574-bib-0018){ref-type="ref"} systems with self‐healing ability[19](#anie201913574-bib-0019){ref-type="ref"}/environmental adaptivity[20](#anie201913574-bib-0020){ref-type="ref"}/self‐formation capability,[21](#anie201913574-bib-0021){ref-type="ref"} and others.[22](#anie201913574-bib-0022){ref-type="ref"}, [23](#anie201913574-bib-0023){ref-type="ref"}, [24](#anie201913574-bib-0024){ref-type="ref"}, [25](#anie201913574-bib-0025){ref-type="ref"}, [26](#anie201913574-bib-0026){ref-type="ref"} Some of them are quite sophisticated in macroscopic deformation,[13](#anie201913574-bib-0013){ref-type="ref"} but they are designed to return to their original shapes and only involve in some relatively simple changes, such as contracting, twisting, and bending. It is still challenging to realize macroscopic shape‐evaluation‐like transitions from solid to closed hollow structures. Even hollow structures are essential for many functions, from mass delivery to mechanical property modulation.[27](#anie201913574-bib-0027){ref-type="ref"}, [28](#anie201913574-bib-0028){ref-type="ref"}

Herein, we present a new strategy for regulating macroscopic evolution of polymer‐based dynamic hydrogels from solid to closed hollow structures. The strategy leverages the creation of a swelling--shrinking field to guide the disassembly, long‐distance diffusion, and re‐association of cross‐linked polymers. We demonstrated this concept by using a hydrogel system that is cross‐linked by the weak hydrophobic association interaction of stearyl methacrylate (C~18~) units but contains abundant acrylic side chains for forming strong complexes with ferric ions (Fe^3+^, Figure [1](#anie201913574-fig-0001){ref-type="fig"} a; Supporting Information, Figure S1).[29](#anie201913574-bib-0029){ref-type="ref"} The hydrogels were firstly prepared by micellar copolymerization of C~18~, acrylamide, and acrylate acid in the presence of sodium dodecyl sulfate (SDS) surfactant (Supporting Information). As‐prepared hydrogels possess a well‐defined shape but are fully dynamic, showing fast self‐healing ability and excellent stretchability (Figure S2).

![Self‐evaluation of dynamic hydrogels from solid to hollow. a) Schematic depicting the hollowing process. (i) The PAAc‐PAMm hydrogel is cross‐linked by hydrophobic association interactions of C~18~ units. It is (ii) swollen by water and then (iii) deswollen by Fe^3+^‐induced cross‐linking. The shrinkage pole is defined as the rear of the Fe^3+^‐induced cross‐linking. Polymer chains move from the inside to the outside, in which (iv) dissociation of the hydrophobic association interaction occurs, leading to (v) a macroscopic cavitation. b) Typical time‐dependent morphological evolution of the cross section of the PAAc‐PAMm hydrogel rod during immersion in a 0.06 [m]{.smallcaps} FeCl~3~ solution. The front of water (green circles) and Fe^3+^ (red circles) diffusing in. c) Plots of the fronts of water and Fe^3+^ that are diffusing in, as well as their band (Δ*d*, shown in (a ii)) during immersion. The critical time when the front of Fe^3+^ arrives to the center of the rod is denoted by t~c~. d) A plot of the rod diameter change of the hydrogel and cavity diameter during the hollowing process. The data in (c) and (d) were obtained by three independent measurements. Error bars are the standard error of the mean (s.e.m.).](ANIE-59-5611-g001){#anie201913574-fig-0001}

A Fe^3+^ solution was then used to create a swelling--shrinking field to induce the hydrogel\'s shape evolution. Figures [1](#anie201913574-fig-0001){ref-type="fig"} a,b present a schematic and the practical evaluation process, respectively, with a hydrogel rod as an example. When the opaque hydrogel was immersed in a FeCl~3~ solution, both Fe^3+^ ions and water molecules diffuse into the hydrogel (Figure [1](#anie201913574-fig-0001){ref-type="fig"} a i→ii and Figure [1](#anie201913574-fig-0001){ref-type="fig"} b i→ii). Water swells the hydrogel and makes it transparent, whereas Fe^3+^ dyes the hydrogel and causes shrinkage because of the ionic cross‐linking effect of Fe^3+^ with carboxy groups in hydrogels (Figure S3). Water molecules diffuse significantly faster than Fe^3+^ (Figure [1](#anie201913574-fig-0001){ref-type="fig"} c), forming a swelling front and a shrinking rear (Figure [1](#anie201913574-fig-0001){ref-type="fig"} a ii and Figure [1](#anie201913574-fig-0001){ref-type="fig"} b ii). The faster water‐induced swelling leads to an increase in diameter at first (Figure [1](#anie201913574-fig-0001){ref-type="fig"} b i→ii and Figure [1](#anie201913574-fig-0001){ref-type="fig"} d ii). The subsequent Fe^3+^‐induced shrinking effect exceeds the water‐swelling effect, and the diameter of the hydrogel rod decreases (Figure [1](#anie201913574-fig-0001){ref-type="fig"} a ii→iii, Figure [1](#anie201913574-fig-0001){ref-type="fig"} b ii→iii, and Figure [1](#anie201913574-fig-0001){ref-type="fig"} d iii). As a result of the synergistic effect, polymer chains collapsed in the shrinking pole (outer layer) but extended in the swelling pole (inside layer); the non‐covalently cross‐linked polymer chains escaped from the inside and migrated toward the shell (Figure [1](#anie201913574-fig-0001){ref-type="fig"} a iv). Such polymer replenishment balanced the shrinkage in the periphery and stopped the decrease in the diameter of the hydrogel rod (Figure [1](#anie201913574-fig-0001){ref-type="fig"} b iii→iv and Figure [1](#anie201913574-fig-0001){ref-type="fig"} d iv). With continuous transport of polymer outward under the swelling--shrinking field, macroscopic detachment occurs in the center, leading to a hollow structure (Figure [1](#anie201913574-fig-0001){ref-type="fig"} a iv→v, Figure [1](#anie201913574-fig-0001){ref-type="fig"} b iv→v, and Figure [1](#anie201913574-fig-0001){ref-type="fig"} d v). The swelling effect vanished in the center when polymer chains completely disassembled. Without polymer replenishment, the shell layer began to shrink again, accompanied by an increase in the cavity dimension. The cavitation depends on the coupling of Fe^3+^‐induced shrinkage and water swelling. We confirmed this by separating these two processes; that is, by immersing the as‐prepared hydrogel in pure water to allow it to swell until reaching an equilibrium state, followed by treatment in a FeCl~3~ solution, which results in a solid product (Figure S3).

A diffusion dynamics relationship was constructed to describe the cavitation process by defining the volume fractions of Fe^3+^ ions and H~2~O in the hydrogel as *Φ~i~*(*x*,*t*), where *i*=1 for ions and *i*=2 for water. The time evolution of *Φ~i~* is obtained by the mass conservation equation, $\frac{\partial\Phi{}_{i}}{\partial t}$ =−$\frac{\partial\Phi{}_{i}\nu{}_{i}}{\partial x}$ , where the mean velocity *ν~i~*(*x*) is the equilibrium Stokes velocity calculated from the balance of the diffusion gradient against the viscous drag. The copolymer with the volume fraction of *ϕ* ~p~=1−*Φ* ~1~−*Φ* ~2~ cross‐links with the inward diffusion of Fe^3+^ ions. The evolutions of *Φ* ~1~ and *Φ* ~2~ are:$$\frac{\partial\Phi{}_{1}}{\partial{}_{t}} = - \frac{\partial\Phi{}_{1}\nu{}_{1}}{\partial{}_{x}} + \beta\varphi{}_{p}\frac{\Phi{}_{1}}{\tau},\mspace{720mu}\frac{\partial\Phi{}_{2}}{\partial{}_{t}} = - \frac{\partial\Phi{}_{2}\nu{}_{2}}{\partial{}_{x}},$$

where *β* is a cross‐link coefficient, and *τ* is characteristic time controlled by the cross‐linking rate. The hydrogel swells because of an increase in the water fraction *Φ* ~2~, while deswelling occurs because of the cross‐link of polymers at the shell layer (that is, an increase of *Φ* ~1~). The relative volume change of the hydrogel over its initial volume *V* ~0~ is captured as,$$\frac{\Delta V}{V{}_{0}} = - \lambda{}_{d}\beta\varphi{}_{p}\Phi{}_{1} + \lambda{}_{s}\Phi{}_{2},$$

where *λ* ~d~ and *λ* ~s~ parameters reflect the ability of the hydrogel to deswell and swell proportional to the concentrations of ion and water, respectively.

In the early stages of evolution, the larger diffusion coefficient of water (D~2~≈4 D~1~)[30](#anie201913574-bib-0030){ref-type="ref"}, [31](#anie201913574-bib-0031){ref-type="ref"} compared to Fe^3+^ results in a higher velocity *ν* ~2~ and an increase of *Φ* ~2~, implying that swelling is dominant (that is, *λ* ~s~ *Φ* ~2~\>*λ* ~d~ *βϕ* ~p~ *Φ* ~1~) and that the diameter of the hydrogel rod increases. To be noticed, the diffusion coefficient of Fe^3+^ should be even lower because of the adsorption and desorption processes.[32](#anie201913574-bib-0032){ref-type="ref"} Following the dominant swelling, the cross‐link between the copolymer with the inward Fe^3+^ accelerates and sharply shrinks the hydrogel (that is, a decrease in the characteristic cross‐link time). A flat plateau is reached as a consequence of matured cross‐linking near the periphery with the higher mechanical skeleton support. The continuous cross‐linking in the outer part of the hydrogel creates a tension state in the copolymer networks until a final break with a sudden decrease in the diameter. The cavity is created and keeps growing with gradual shrinkage of the hydrogel.

Both the driving force generated in the swelling--shrinking field and the cohesion of the original hydrogels can be utilized to control the evolution. The Fe^3+^ concentration and C~18~ fraction in the copolymers were used to tune these two parameters, respectively (Figure S4). Increasing the Fe^3+^ concentration to enhance the field intensity enlarges the cavitary ratio in the range of 0.03--0.24 [m]{.smallcaps} (Figure [2](#anie201913574-fig-0002){ref-type="fig"} a). However, further increasing the concentration reduces the cavitary ratio, and even leads to a solid product. This is explained by the fact that a high Fe^3+^ concentration leads to a strong field for polymer transport and also shortens the polymer transport time (Figure [2](#anie201913574-fig-0002){ref-type="fig"} b). A non‐monotonic relationship between the Fe^3+^ concentration and cavitary ratio was thus observed, which is also achieved by tuning the C~18~ fraction (Figure [2](#anie201913574-fig-0002){ref-type="fig"} c). With increasing C~18~ fraction in the hydrogel (that is, hydrogel cohesion; Figure S5), the cavitary ratio increases and then decreases. We attribute the initial increase to the longer polymer transport time with a high C~18~ fraction (Figure [2](#anie201913574-fig-0002){ref-type="fig"} d). In the higher range of C~18~ fraction (\>10 wt %), cohesion‐resistant molecular disassembly dominates the evolution process, and the cavitary ratio thus decreases.

![Variation of the hydrogel cavitary ratio with Fe^3+^ concentration/C~18~ fraction. a) Cavitary ratio vs. Fe^3+^ concentration used for hydrogel immersion. b) The critical time (*t* ~c~, which is defined in Figure [1](#anie201913574-fig-0001){ref-type="fig"} c and represents the polymer transfer time) and the shrinking degree under different Fe^3+^ concentrations. The shrinking degree is defined as the contracting ratio in the diameter of the hydrogel rod, which represents the driving force generated in the swelling--shrinking field. The C~18~ fraction of the hydrogels in (a) and (b) is 10 wt %. c) Cavitary ratio vs. C~18~ fraction. d) The *t* ~c~ and shrinking degree values with different iron concentrations. The Fe^3+^ concentration in (c) and (d) is 0.24 M. The data were obtained by three independent measurements. Error bars are s.e.m.](ANIE-59-5611-g002){#anie201913574-fig-0002}

The macroscopic self‐evolution strategy is versatile in the generation of various closed hollow objects, including spheres, helix tubes, and cubes with different diameters (0.4--10 mm; Figures [3](#anie201913574-fig-0003){ref-type="fig"} a,b; Figure S6). The hollow structure allows for smooth fluid transportation (Figure [3](#anie201913574-fig-0003){ref-type="fig"} b), which indicates the presence of a whole connected interior. Long hollow fibers can be fabricated, showing the good toughness, stretchability, and underwater stability (Figure [3](#anie201913574-fig-0003){ref-type="fig"} b; Figures S7 and S8) of the material. Interestingly, the hollow structure can return to a solid structure by washing away Fe^3+^ using aqueous solutions of a stronger Fe^3+^ complexing agent (disodium ethylenediaminetetraacetate dihydrate (Na2EDTA)). The solid structure evolves into a hollow structure once again after immersion in a Fe^3+^ solution (Figure S9).

![Fabrication of various hollow structures. a) Obtained hollow helical tube (left) and sphere (right). b) A typical long hollow fiber and its stress--strain curve. The elongation rate is 20 mm min^−1^. Inset: the hollow and tough nature of the hollow fiber. c) Schematic of seeding cells and their growth on the inner surface of a closed hollow fiber. d) A fluorescent *z*‐stack projection showing migrating L929 cells inside hollow fibers. Cells were stained by a live/dead assay kit after 7 days of culture (live cells (green), dead cells (red)). e) The cross‐sectional view of the hollow fibers, which demonstrates the formation of a hollow lumen by adhered cells inside the fibers. f) Magnified image showing the morphology of cells stained with Alexa Fluor 488 phalloidin (F‐actin, green) and DAPI (nuclei, blue).](ANIE-59-5611-g003){#anie201913574-fig-0003}

The practical interest of hollowing hydrogels lies in the possibility of cell encapsulation within a closed hollow system.[33](#anie201913574-bib-0033){ref-type="ref"} We demonstrated this concept by injecting L929 fibroblasts into the hollow interiors of the hydrogel fibers (Figure [3](#anie201913574-fig-0003){ref-type="fig"} c). The hollow fibers were stable over a timescale of at least 7 days under tissue culture conditions. Fibroblasts in hydrogel exhibit a rounded morphology and only a few colonies were observed after 1 day of culture (Figure S10). With culture durations of up to 7 days, significant cell proliferation along with fiber formation was observed, indicating that the porous nature of the polymer networks permits facile nutrient and waste transfer to support cell survival and function. A hollow lumen was developed by the adhered cells on the inner surfaces of the hollow fibers (Figures [3](#anie201913574-fig-0003){ref-type="fig"} d,e). Phalloidin/4′,6‐diamidino‐2‐phenylindole (DAPI) staining reveals that the cells adhered inside the fibers display a spreading morphology and a characteristic polygonal, polarized shape with extending filopdia (cytoplasmic projections) and pseudopodium (projection of a eukaryotic cell membrane; Figure [3](#anie201913574-fig-0003){ref-type="fig"} f), which indicates that the hollow fiber can provide an optimal physiochemical microenvironment for cell--extracellular matrix (ECM) adhesion and spreading. These achievements suggest that our hollow fiber could be used as a hollow fiber bioreactor with enhanced biosafety with a closed system. It could also be used as a template for the reconstruction of fiber‐shaped functional tissues.[34](#anie201913574-bib-0034){ref-type="ref"}

In conclusion, we have demonstrated a versatile, generic approach for spontaneous transformation of soft gel from solid to hollow structures at macroscopic levels, by creating a swelling--shrinking field to induce unidirectional polymer transportation in a dynamic material system. The cavitary degree is tunable and the cavitation process can be coupled with 3D printing technology to create scaffolds with connected/unconnected closed hollow structures for cell culture outside or inside the structure. From a general point of view, this facile yet efficient cavitation approach presents a simple method for fabricating hollow closed systems when the systems always retain solid states. We envision that this method has great potential in a variety of applications, including controlled release, additive manufacture, cell culture, fabrication of artificial organs, and protection of biologically active species.

Experimental Section {#anie201913574-sec-0002}
====================

*Preparation of the supramolecular hydrogels*: in a typical example (Scheme S1), SDS (2.12 g) was firstly dissolved in a NaCl solution (30 mL, 0.12 [m]{.smallcaps}) at 40 °C to form SDS/NaCl micelles. To this solution was added C~18~ (0.13 g), followed by stirring at 40 °C for one hour to incorporate C~18~ into the micelles. AAm (1.28 g) and AAc (0.1928 mL) were then added to the mixture. After the mixture was degassed with N~2~ for 30 min, ammonium persulfate (APS, 0.0737 g) and tetramethylethylenediamine (TEMED, 20 μL) were added. The mixture was stirred vigorously for 30 s, then transferred into a nitrogen‐purged mold and sealed for polymerization at 66 °C for 3 h to yield the poly(acrylic acid‐*co*‐acrylamide) (PAAc‐PAMm) hydrogel samples.

*Preparation of the hydrogel rod*: To quantify the degree of hollowness, the hydrogel rods with a diameter of 2 mm and a length of 4 cm were fabricated as follows. As‐prepared hydrogels were heated to obtain viscous solutions, which were then injected into syringes. After cooling down and storage at 7 °C, the hydrogel rode was extruded (Scheme S2).

*Formation process of hollow struct*ures: The gel rods prepared in the previous step were submerged into an iron chloride aqueous solution, and the cross‐linking process started from the surface toward the center of the sample (Scheme S3). After immersion in solution for different durations, the hydrogels were cut to allow collection of the cross‐sectional image. The hollow ratio was defined as *A* ~hollow~/*A* ~total~ (*A*: area; Scheme S4).

*Cell culture*: Before cell culture, all samples were sterilized with 75 % alcohol and immersed in phosphate‐buffered saline (PBS) to remove residual alcohol. The closed hollow fibers were used for encapsulation of cells. The cells were injected into the cavity of the fibers using a 20 G syringe. The samples were kept in a cell culture incubator, imaged after every 12 h, and kept in culture for 3--7 days. The cell culture medium was substituted with fresh medium every day. The cell viability and morphology were observed by a Zeiss LSM 880 confocal microscope after live/dead assay and immunofluorescence staining.
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